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~. AC.A ARE. No . 5019 
NATIONAL ADVISORY COMMITTE~ FOR AERONAU~ICS 
ADVAJCE RESTRICTED REPORT 
A CO APARISON O~ ANALYT IC:LLY A~D EXPERIME~TALLY 
DE'l'~Rl'IIl{:SD ISOTH1<JR~I!AL PRESSUR":'; LOSSES IH A 
HEAT-EXCHA~GER INSTALLATION 
By Wesley E. ~illendahl 
This report c ontains analytically an d experimentally 
determined values of the u~essure losses in a heat-3xchan~e r 
instal:ation . The anal~ticRl va~ue of pressure loss were 
determined by add i ng together losses calculated from published 
eata on elbols , diffusers, ~nd strai~ht Jucts. Good acr08ment 
1·"as obtai nea. bet\,reen the anal;y-~i. cal and ev:perim6nta'. values of 
losses in the over - all and compon 0 nt U2rts of the instqllation , 
indicati g that such an analysis is practical in predicting 
the U 8ssure losses in ducting srste~s of this ~ypo. 
I TROD::"C':2ICN 
The pri n ciples of ducting design have been establishet on 
the bRSis hat tn turbule!lt flo\'1 the r.:ajor sonrces of loss a r e 
skin frict 4 0n and flo'l se nsrat io n , and that these losses a r e 
roughl~ pro portional to the dynauic nressure of ~he air in the 
duct . 
A bibliography contai n in g most of the reuortR in the 
fiell of d·1Cti::l~ C'es~g:n is presented in reference 1 . The 1i18 -
J 0 ~ i t;- 0 f t his :'! [" t e r tal d e a J s \<T it, h pre s sur 0 los s e sin i S 0 J ate d 
elbows and d if fu~~rs. These data are usef~l as a ~uide to the 
desi;n of efficient d~ ctin b systems Rnd p~ovide a b~sis ~or 
the predi~t ion of p~ecsure los so s in s~ch installations. 
As p04nted out i h reference 1, s~ch ~,plicqt i on of the 
datq has little experimental vorification ~nd the question 
(. ri ses as ~ o tlh; o.e;;roc of aCClUEicy "lith lfi!:_ich D. sll '.ua tion of 
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t~e calculated co mp onent pressure los ses will yield the over-
all pressure loss in a system where the magnitude and loca-
tion of interference effects are lar ge l y unknown. Interfer-
e n ce e ffec t s a re defined as those occurrin~ where disturbances 
in ene co mpone nt cause the flo, d istribut io n at the entry of 
anothe r co ~p one nt to be unsymmetrical, t he r eby affectinr the 
pressure l o ss . 
Th is r epor t c onta ins an analysis in which the material 
i n the bibliography of r eferenc e 1 was used to calcu l ate t he 
pres s nre l o s~es i n a he at-e x c hange r i ns t allat i on . The iso-
t~erma l p ressure los ses in the installation were measured for 
the purpose of providine an exper i men ta l v erifica t i on of the 
analytical predictions. T~ e co ~par iso n indicat es the validity 
of the anal y sis and the ~agn itude of the interferen ce effects 
i n t~e test install a ti on . 
D~SCRIPTION OF THE HEAT - EX CHAdGER I J STALLAT I ON 
Eea t exchangers of the t ype re port ed here i n hav e found 
particular application in the field of ice prevention and 
c a bin heating where they are used to supply an a~equate and 
reliabl e source of heate d air by utiliz i ng the waste heat in 
the engine exhaust gas. The heat -e xchange r installati o n h ere -
in described was develo~ed for use in the ic e - prevention sys -
tem of a lar ge airplane. The heat exchanger is loc ated in the 
exhaust - gas ductin between the en g ine and two turbosuuer -
c ha rg e rs which are arranged f o ~ sin ~ le or parallel operation . 
Turbosupercharger 1 is bl o c ked off b~T a butterfly v a L Te ·.rL-:l 
turbosuperchar~er 2 is o~Grating al onG . When both a r e o~ or d t­
in ~ in parallel, th3 fl ow of exhaust ga s is adjusted so as to 
b e divided equally b At,een tho tu rb osuperchargers . 
General views a '1 d ~onst ru ctton detai~~s of t he heat ex-
c hanger are s h own i n fi g ure s 1 and 2. respectively. In a 
cross - flow p l ate - type h e at e xchan g or, such as the one tested , 
the exhaust - gas and air f lo , at ri ght an~le s i n alter na te ~as ­
s a ~eB between f or med steel plates, each plate thus formin an 
i nterfa c e tl1.rough ~hj c h heat is t r ansfe rr ed from th 8 e xh<.~nst 
gas to the a ir . At desi g n co nditi ons of 155 milc s ~er hour 
an d 18 , 000 fee t ~lessure altitude , a total of 800,000 Btu per 
hou r is to be t ransfe rre d fr om 12, 000 pounds per hour of ex-
haus t ~as to an ee ua l amount of air . 
The headers sh own in fi. ,u r es 3 and 4 serv e as tr~nsition 
pieces in ductin g air and gas i nto and out of the heat 
J 
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exel"-ancer . 
lead to tj:~e 
Tte branches in the exhaust-gas outlet header 
two tU l'bosllpercharge1:'s . 
A.NALYSIS 
.-, 
u 
The i sotherma l pressure losses in each component of the 
test installation were cal culated as follows: The shape of 
the component was compared to those on which data (usu~lly sho~,rn i; graphs) 1'1'ere- :publisl:.ed, and 'l'here !'.imilarity exi~ted 
the data were appl ied to the component. The loss factor cor-
respondin g to the dimensions of the co~ponent was then read 
from the reference data and mult·plied by the local velocity 
head to ob ta in the pressvre loss. Whore losses in a c ompo -
nent resulted from a c omb inat ion of effects (i.e., diffusion, 
turning , contraction) each effect was isolated, the corrs-
snonding loss calcul at ed, and the results added to ~ive the 
tota l loss . 
Air-Side Losses 
Inlet - header losses.- The air inlet heade r is sho~n in 
f i .o;u r e 3 ( a) Toeo n s 'ist-o f a van e del ·0 a \v sup e rim pas e don a 
diffuser . The loss in the elbo! '-las computed usins data on 
vaned elbo"s published in reference 2 where the pressure-loss 
factor is plotted as a fu_ction of t ho sic or ~ap/chord 
ratio in the vanes . This value ranged fro~ 0 . 48 to 0.62, and 
the corresp ondi ng loss is approximately 25 percent of the ve-
locity head at the header entrance. At tho desipn flow rate 
~f 12 , 000 pounds per hour , the velocity head is 0.90 inch cf 
water and the turning loss is 0.225 inch of water. 
The loss caused by the expansion in area was computed 
using data on strai gh t diffusers which appear in refere~ce 3. 
If the expansion is assumed to occur principally in the vanes , 
an effective angle of divergence, based on the length of the 
vanes ( 3 to 7 in.) and the ratio between the inlet and outlet 
areas (Aa/Al = 2 . 3), has a value between 11 0 and 23 0 • The 
correBp o~d in g loss factor is about 20 percent of the cha nge 
in velocit ;r head through the vanes, which at the design flo\o] 
rate is 0 . 73 inch of \'ater. The e-pansion loss is then 0.145 
in c h of '::1.ter. 
The total a ir - inlet - header loss is then the sum of the 
turning and diffuser lossos - or 0.37 inch of water. 
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Hea~{3J: c han.J:§'LLQ..$~§.. . - The los s in t he he Fl. t exchant;er 
was assumed to resu l t f r om f ri ction on the plate surfaces and 
expans i on s i n the three corrugations running transverse to 
the a i r flow and i n t he out l et end of the ~lates . (See fig. 
2.) The frict i on l o s s was cal culated usin~ the Fanning equa-
ti on (re f e r en c e 4) and is 1 . 1 2 i n ches of water at the design 
flO1l r r at e . 
Si nce the expansions have an inc~uded an~l e lareer than 
50 0 , the l osses are a~proximately equal to those in sudden 
eTpans i ons . A formula for su ch losses appears in reference 3 
a.d in th i s case the total loss for Fl.ll four expansions is 
2.02 inches of water . 
The total heat-exchan~er loss is 3.14 inches of water at 
the design f l ow rate . 
Oullet - header 10ss8s .- Since the contraction. is gradufl.1, 
the princ i pal loss occurrin~ in the outlet header was assumed 
to result from t~e elbow . Data tn references 2 and 5 were 
used. For a value of sic of about 0.3 , the loss f~ctor is 
o . 2 . A sac r: e c :~ , i f t. 1 e iT a n e sal' e 0 D itt ed, the los s cor r e -
spondin~ to a mean - elb ow radius/diameter ratio RID of 1 ~as 
a value of 0 . 25 . Th is is Gonsidered to be ~ ood Fl. gr ~ err:ent and 
the l OGS corresponding to a velocity head of 0.85 i n .h of 
water is about 0 . 17 in c h of water . 
OV.§.l'.:-all l oss .- :By af.d.ing togethor th0 above caJ.culatec. 
values a result of 3 . 68 in ches of water is obta~ned fer t h e 
pressur e loss in the ai r side of tte installation at desi ~n 
flo\ rate . 
The calculated values of ~ressure losses in the air -
side ducting are plotted in fi ~ure 5 . 
Gas - Side Losses 
lnlet -heade..LlQ.~se§.. .- As "'he air (d'uing i"otherL1al 
tests) ent ors the i nlet hea d e r (fig . 4.(a)), it is inuedia:.e1y 
t:urne c. th r ough appro.:imately 90° in Fl.n elbow having a circu-
lar c ross se c tion . Following t~e turn it passes throlgh an 
exp~nsion in duct area . A~ el bow which i s followed by a 
strai~ht aection of duct causes a lower pressure loss tnan 
one \of 10 'l chi s not , be c au s e 0 f r e C 0 v e r;v i n the due t . T his e f -
fee t i s sh 1wn in ref9rence 5 for r ectangular du t s . The sa~e 
re fJ r en c J prese n ts data o~ l y on c ir cnlar elbows vhi c h are 
fo l l oltred b.' straighi; ducts ; therefore , in order to apply 
.~-- ---. --~ -- -- --~ ---- ---- - -- --.--
----.. --., 
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ther e dat a t o t he ga s i n l e t hea d er , the lo s s ~as i ncreased 
b~r the c ompa r ab l e d if feren c e bet reen t~le cur Tes for rectangu -
lar du c t s . 
Thus , for an RID of 0.85, the elbow loss 
0 . 33, and bf add i ng 50 pe rc en t (frorr c 08parison 
gllar du c ts) th e l o s s be c omes 50 per c ent of the 
or 0 . 52 i n c h of wate r. 
fact or is 
with rectan-
velocity head -
Si mil a r to th e a bove c a lc u l ation, the effe c t of the el-
bow on the d i ffuse r l oss is expected to be aupreciable in 
th i s case . Be c ause of the sepa r ation of flow at the inne r 
radius of the elbow, the a ir i s not diffused uniformly, and 
it is expe c t ed that the us e of data on st r ai~ht diffusers 
wi l l resu l t i n an u nderest i mate of the loss . In this case 
tho lOBS was assu~ed to be eQual to that i n a sudden expan -
sion . The loss was calculated to have a value of 40 percent 
of tr. e c hange in velocity head, or abo'lt 0.35 inch of water. 
T _e total ca1.culatecl l oss in tLe inlet ::eader is tl.en 
the s u In 0 f the T. tv 0 ] 0 sse R, 0 r O . 8 7 inc ~c 0 f '.-T a'" e r q t the d e -
sign flor 1'a+;e of 12,000 pounds of ai per hour. 
Heat.-=.§)CcD..?-...:fl~-.-los"_ef . - In effect, t'.ere ar8:::8 parallel 
passages thror,gh the gas stde of "he neat exchan-;er , since 
the 2 8 passa~es between the plates are each divided into four 
by the corru~ations shown in fi~ure 2. It is assumed t~at 
the flo~ is equally divi~ed between t~e passages, and +hat 
the cal culation of the pressure d r op through anyone paspaga 
is the same as t~at of the entire exchanger. 
Using the Fanning equation, as for t· e air sic.e, +;:-e 
f r iction pressure drop was calcula ed to be 0.56 inch of 
w a t. e r a t the tot a 1 flo \'1 rat e 0 f 1 2 , 000 p 0 un d s 0 f air per 1 0 n r 
through the heat excha~gEr. 
Th e only expansion loss oc curs at the outlet end of the 
passage and , as before, its loss is c onsidered to be equal 
to that of a sudden expansion . Sin c e the area ratio is 2.3 , 
this lo ss amounts to 0.28 in c ~ of ater . 
~he sum of tje heat - exchangor losses is th0n 0.84 inch 
of .rate r at t he desi n flov ratJ . 
9utlet - heade r 10sse8 .- As sha In in figure 4( b ) , the gas 
ou tle t heade r cons i sts of a combi nat i on wye and a contra c tion . 
T} i s s h~pe i s too ir r ecular to len~ itself to elementary a n al -
ys i s . It wil l b9 noted , ho~eve r, that a 90 0 turn occurs i n 
J 
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t :; e bra n c h : 0 t u r b 0 sup e l' c har g e r 1. If, un d e r the c on d i. t i on 
of operat i on when t ~e flow is equal ly d ivide d betwe en t~e tb o 
~urbosupe rc har ge rs, th8 tot a l pressures are the same i n each 
br~n ch upstream of the elbo w, then any differenc e d ownst r eam 
sho'Jld De tile result of the tur n ing lo ss i n the el'oo~·l. This 
is the only l oss that was caJculated for the gas outlot heade r. 
A flow r ate of 6,0 0 0 pounds per hou r throu~h the elbow 
correspon ds to a total flow rat e of 12,000 pounds per tour 
through th e heat oxchan ge r , and f or an RID of 0 .7 5 in the 
elbow ~he loss is 35 percent of the velocity head - or 0 .32 
i n c h of water . 
Over - §:.lL.-1.2..£.§jl~ .- The over-all pressure loss on the ga~ 
qide has been calcul ated onJ;r for th e condition \,.,r. ,ere the f101:l 
i s equally d ivid ed between the ducts leadin~ to the two t urbo -
s u erchar g ers. Th' s value fo r the branch of the system lead -
i ng to t lrbosupe. c harge r 2 is the sum of the inlet-header and 
heat - exchanger losses, and for the branch l ead i ng to turbo-
sune rcha r ge r 1 i s the sum of the inlet - heade r, heat-excLanger , 
and outlet-elbow l osses. 1he two values are 1.71 and 2 . 0 5 
inches of water , respectively , at the des i n flow ra te . 
The calculated values o~ pr e seurs lo ss es i n the gas -s ide 
ducting are plotted i n figure 6. 
D~ SCRIPTION OF T] ST APPARATUS 
The heat exchanger and headers Wd:e assembled a ~ ~ t~s~~d 
for i sot L G r 111a.l -p res su r e los s e s i ~ t. h ear r a n s £) men t 8 S h 0 ; . "1 i 11 
f i ('u r t) s 7 t 0 1 0 . Ass e e n i nth e s e f i t ;U res , a. n , 1. m be r 0 f d i f -
ferent arran~oment s were testEd. It was possible in this 
manne r to dete r mi ne not on l y the press~re losses in the vari -
ous parts, but also the ma gnitude of the i nte rferenc e effects . 
rhe butterfly valve u~stream o f the venturi n eter in the 
duct to turbosupe~charger i (fi g. 10) was shown by the tests 
o hav e a neg li gible effe c t on the accuracy of t h e ventur i 
unde r t he c ond i t io n s of t h e tests . 
Th e pr e ssur e ra ke s and traversing shi elde d to tal - and 
static - pressure tube s shown in f i " ure 1 1 \"e 1' e us e r1. in making 
the pressure measlrements. The manomete rs on which these 
pressures ~ ere i ndicated are s hown in f i ~u re 8. In a l l c ases , 
the mu lti-ple - tube mano ll1 eters ~ere used ,.,r it h the nreSS'He rakes 
an d micro man ometc rs with the t rav e r s i n~ tubes shown in figure 
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1J (b) . TheRe micromanomet'3rs are meClle nically driven Hnd'He 
snt up to indicate a single d i fferential p r essure to a least 
count cf 1 millilllete r of fluid (in tl1is c ase, water) . 'I'he 
use of mu l tiple - tnbe manomete r s , together with the ~ressure 
rakes, made i t poss i blo to obta i n instantaneous flow patterns 
on tho ont.i.re diameter of the dncts . The shielded total pres -
sur e tnt e s '.r ere n sed i n r eg ion s w her e the d ire c t ion a+' flo 1·' 
was unce r tain . These tube s wil l indicate the correct total 
~ressure when yawed t~ r oug~ an~les up to 60 0 f r om the direc-
tion of f l o\v . 
TE ST PRO CEDURE 
The measured values of ~r~ssure J.osseR in he hcat-
exchan~er i nstallat i on were obtR~nGd from th e following ar -
r angementR . The general purpose of _8 procedure was to ob-
tain as many cross checks on tIle data as l"ere ·practical. 
(8) The arr ang ements shown in fi gu re 8 . ere used in ob -
taining the data on over - all pressure losses. 
It was in this form that the installation was 
originally de si~ned. 
(b) ~he los~es in the heat exchanger were determined 
', i tII the arran.-:eITieni-s sh'Jl>rn in figure 7, the 
s t l' a i ." h the a d e r s a 1:1. 0 ·ri n g .fl e 8. s 11. r Q m c3 n t 0 f t h () 
losses as unaffocted by t~e headers . 
( c ) ]'i2;11'eS 9(a) Hnd 10(.'1) show the arran~e!:lent~ ill 
which the header losses were ~easured w5tt ~~e 
heat exchangl3r i n place . T:lese arranf':e]:'\e~-;.ts are 
i denti cal with those i n figures 8(a) and 8(b) 
except that t~avcrsing sectioDS h~ve bFdn in-
serted between the header~ and the heat f)XC. 'l.nger . 
(d) Fi~ures 9(b) and IG(b) shov arran~e~e~ts used in 
measuring header losses ~ith the heat exc~an:er 
removed . 
The above - outlined nrocedure has made it possible to use 
the data from two indenendent tests i n plotting the alnes of 
presqur e loss in each part. In the ca~e of the ex~aust - gus 
sic e 0 f t" e ins t all at ion t two con cl i t ion s 0 fop e r '1 t ion ''1 ere 
investi~ated. Referring to fi~ur e 10, under one conriition 
tha bran~h to turbos~perchar~er 1 was blocked off and all a i r 
l"as rlire c c,ed to t'lroos'_,~e:! .. char{;;er 2 , and , unCier tite second 
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cond iti on , t he air flow was equally divided betwee n the t~o 
tu~bo superc hargers . The over~all pressure losses we re meas-
ured ~nder both c ond itions. Th e radi al locat ions at which 
pres sure measu rements were obtained in the round ducts are 
~iv o n by the ra ke details in fi gure ll(a ) . For the r e ctan-
eula r du cts in which the traverses were made, the duct cross 
section was assumed to be divided into 25 equal-area square s 
an d p ressure measurements were taken at t~e cen te r of each 
sqna re . 
TE ST RE SULT S 
Tho expe ri menta l ly deter~ined values of pressure losses 
in the air side of the i nstallation are p r esented in figure 
5 ~lnd tho s e i n the gas sidG i n figures 6(a) and 6(b). 'I'te 
diffo r ence between the p re ssu re lesses determ in ed with ar -
rangements (c) and (d) in the test procedure was negli~ible 
and test po i nts from both arrangenents are pre s ented in the 
curves in th e se figures . 
Each test point repres~nts the difference b e tween aver -
age tota l p r essures at stations upst r eam and do~nstream of 
the duct c omponent . The average pressure at a station was 
obtaine d f ro m 20 total-pressure r eadings in the case o· the 
round du cts (for locati~ns, see fig. ll(a)) or from 25 total -
p r e ssu re r ead i ng s at t'_e centers of as many equal-area rec ~ 
tangles in the r e ctan~ular duoting. 
I n order to s how the effe c t of the headers on the pre s-
su r e los si n t b e air and gas pas sa ~ e s 0 f the he at e x :::: :. r. 0' ·3 r . 
add i tional data were taken using the a rr angements ShO WL in 
f i gu r es 9(a) and 10(a). These data are c ompared in figu re 12-
with those taken using the arrangement in figu r e~ 7(a) a~d 
7(b). Likel ise, to sholll the ef:ect of the traversing s e c-
tions (which e r e i nstal le d between the heade rs and heat ex -
che.nger to measure the header losses) on the over-al l pressnre 
loss, data ta ken from the arrangements sholn in fi~ures 8(a) , 
8 ( b ), 9 ( a ), and 1 0 ( a) a r e plot ted i n f i gu r e 13 . 
ACC URA CY OF MEA SUR3MENTS 
Wr om a consideration of the readability of the ~anometers, 
a ce u r ae ;; 0 !' v e n t u ri c on s t an t s , and flo W c on d i t 5. 0 n sin the i. n-
s t a ll at i on , the f lo~ rates are thou~}t to be accurate to wit h -
in ±2 perc en t, and the values of over-all pressure losses 
1ithin about ± 5 percent of the measured values . 
I • 
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Because of large-scale turbulence cou~led with cODplete 
reversals of flow in the regions between the headers and hent 
exchanger, the accurac: r of pressure-loss measurements in the 
h9aders is believed to be of the order of ±10 percent of the 
measured values. 
DISCUSSION 
A comparison of the analytical and exp erimental results 
in figures 5, 6(n), and 6(b) indicates that the predicted 
values of the losses were , in general, slightly low. The 
agreement being gen erally cieser than 20 percent indicates 
that the analysis is applicab le and is evidence of the fact 
that the interference effec~s did not cause a large increase 
in the losses in this inst al Jation over the p redict e d values 
in which the interference was assumed negligible. 
The experimental and analyt:cal results from fi~ures 5, 
6(a) , and 6(b) are nresented in bar-graph form in figures 14 
and 15 for comparison of the losses in the comp onent parts. 
The agreemert bet een the experimental and analytical values 
for the over-all nressure loss is better th&n those for the 
component parts because of the ffior~ a ccurat e measurement of 
over-all pressur es . 
W~en the values of measured pressure losses in the com-
ponent parts of the gas sid e of the installation are ad~ed 
together, the summation e xceeds the measured value of over-
all pressure loss by the amount shown in ficure 15 as ex~e~­
imental error in measurin~ comp onent 10sseR. This ditf0rence 
is attributed to the difficulty of mak ing accurate measure-
2ents in t~e regions between the gas headers and heat ex-
chan~er. A similar dtfference between the s mmat ion of in-
dividual and over - all los se s is not evident in the air duct-
ing (fig . 14) ,here the lar~e soparation effects arc not 
present an d resnltin ~ measu reme nt s are mor~ accurate. 
The difficulty in obtaining accurate measure ments in the 
re ion between the headers and heat exchanger is further em-
phasized b y the comparison of gas - side data for the twO con-
ditions shown in figure 12 where the installation hea(cr s ap-
pear to roduce the pressure loss in the gas sid e of the hea t 
exchanger. Such an effect is improbable and this di!ference 
is attributed to inaccura~ies in measurement. 
A header of the type shown in fi gure 4(a) is undesi ra-
ble , not only because of the ex~essive prGssur~ loss (in fig . 
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15 the pressure loss in the inlet header is shown to be larger 
than that in the heat exchanger), but also because of the un-
eve n dis t r i '0 uti 0 n 0 f fl0·r in tot he he ate xc 11 a n g e r. Flo w dis -
tribution in the various parts of the installation is s hown 
in fi~ures 16 to 19. It is to be noted that , while the heat 
exenanr,sr has an appreciable damping effect on bhe distribu-
tion, figure 18 shows the uneven distribution caused ~y sep -
aration in the inlet header to persist into the region down-
stream of the heat exchanger. 
One of the v a lues in this ty~e of analysis is in the 10-
cRtian of losses wh ic h cannot be isolated experiment~lly. 
The test results c an only indicate th e magnitude of the loss 
through the duct com~onont, and offer no el ie to the caUBe of 
the loss or the distribut i on of the loss among several causes. 
Thus, without an analy~ical au?roach, the large contribution 
(fig . 14) of the expansion losses in the exchan~er to the 
over - all loss across the exchan~er might not be suspected. 
The corrugation expansion losses in the air side, whic!-l are 
not present in the gas side, plus the increased ~riction re-
sulting fro m narrower Gaps on the air side combine to cause 
the air - side 108s to be over five times as large as the gaR -
side loss . 
The agreement betwee n the analytical and experiment~l 
values of over-all pr1ssure los s on both sides of the instal-
lation s ho ws t hat it is possible to predict analytic~l].y the 
!?1 a g nit 11 (1 e 0 f t he los s e s i;2 8. d u C t i r! g S Y s te!:l 0 f t his t :: no . 
~o1t!Gver , it is obvious that there is a need for investiga-
tions of interference effects, nar icul~rly in eypand 4 ng el -
bows of the type appearing i n t~is installation. 
In t he ducting arrangements used in the present inves-
ti~ation, the air was d r awn into the _nstallat ion through 
short bell - entry ducts. Air delivered to t~e test re g i on 
through such entries has a low- tu rbul ence level and there is 
little opportu:1ity for the g rowth of bounnar<' layers at the 
walls. Several inves tigators have sho~n that when tne flow 
is mo re disturbed and when thick boundary layers are present 
in t' e supply duct , the losses, partIcularly in <liff'~sers, 
a re increased because of the moro favorable c onditions for 
the occurrence of se pa ration. It is probable that tte inlet-
header loss e s in this inst ~ llat ion would \ncrease undor· such 
conditions; however , it is not possible at the present time 
to predict their magnitudes. This pOjnts to the need for 
systematic investigations of the eff ects of initial tu rbulence 
and flow conditions. 
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1 . I sothe r ma l p r essur e J. osses can be predi c ted analyt-
icaJ'y in the tyu e o f dn c ttng s7stem whi c h ;,:a;>" be bro';:en ,iOV/11 
into the elementar y f ores of elbows , diffusers, and straight 
ducts for whj c h pressure - loss data are published . 
2 . For du c t installat i ons similar to thet tested, in 
which the i nterference effects ma~ be reasonably assumed to 
be smal l or negligible, th8 pummation of t~8 calculated 
losses for the i ndividual components will be in close agree -
ment with experi mentally dete r mined valles of the over - all 
uressure loss . 
3 . The large-scale seDnrat i on occurrin~ in Doorly de-
signed exnanding elbows resuJts iD uneven fJow distribution 
and increased vressura loss . The results of this investiga -
tion ind icate that the losses in such elbows can be ~redicted 
r-tnalytically \Ii"ith a fair degree 0; accurac:,'. but e xp erin. e ntal 
values of the losses are subJect to the uncertainties of 
press'lre measurem ents !_n re E; ions of uneven f::'ov.r distritutiol: . 
Ames ~ o r onautical Laboratory , 
National Add SOI'.r CO'nmittee for .!ulrol1':l u tics, 
Moffett Field, CaJ.if. 
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Figure 1.- The exhauBt-gaB-to-air heat exchanger. 
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2 . WEIGHT Of' HEATER - 96 LBS. 
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